To investigate the function of the nucleolar protein Nop2p in Saccharomyces cerevisiae, we constructed a strain in which NOP2 is under the control of a repressible promoter. Repression of NOP2 expression lengthens the doubling time of this strain about fivefold and reduces steady-state levels of 60S ribosomal subunits, 80S ribosomes, and polysomes. Levels of 40S subunits increase as the free pool of 60S subunits is reduced. Nop2p depletion impairs processing of the 35S pre-rRNA and inhibits processing of 27S pre-rRNA, which results in lower steady-state levels of 25S rRNA and 5.8S rRNA. Processing of 20S pre-rRNA to 18S rRNA is not significantly affected. Processing at sites A 2 , A 3 , B 1L , and B 1S and the generation of 5 termini of different pre-rRNA intermediates appear to be normal after Nop2p depletion. Sequence comparisons suggest that Nop2p may function as a methyltransferase. 2-O-ribose methylation of the conserved site UmGm⌿UC 2922 is known to take place during processing of 27S pre-rRNA. Although Nop2p depletion lengthens the half-life of 27S pre-RNA, methylation of UmGm⌿UC 2922 in 27S pre-rRNA is low during Nop2p depletion. However, methylation of UmGm⌿UC 2922 in mature 25S rRNA appears normal. These findings provide evidence for a close interconnection between methylation at this conserved site and the processing step that yields the 25S rRNA.
Most of the steps of ribosome synthesis in eukaryotic cells occur in the nucleolus. Within the nucleolus, the rRNA gene is transcribed by RNA polymerase I into a large 35S rRNA precursor, which is processed via a series of steps into three mature rRNAs: 18S, 5.8S, and 25S (for reviews, see references 12 and 45) . During processing, the assembly of ribosomal subunits begins as ribosomal proteins imported from the cytoplasm are assembled with pre-rRNAs and 5S RNA synthesized by RNA polymerase III. The large 60S subunit contains the 5S, 5.8S, and 25S rRNAs, whereas the small 40S subunit contains the 18S rRNA. Nucleolar proteins and small RNAs that are not part of mature ribosomes are thought to be localized to the nucleolus for the purpose of integrating and regulating assembly events (27, 34) . Although nucleolar components involved in different steps of ribosome biogenesis have been identified and characterized, much remains to be learned about the specific functions of most nucleolar components.
The order in which pre-rRNAs are converted to mature rRNAs in Saccharomyces cerevisiae is relatively well understood (for reviews, see references 51 and 54) . Proteins that are required for one or more processing steps include Dsr1p, Gar1p, Nsr1p, Nop1p, Nop4p/Nop77p, Rrp1p, and Sof1p (6, 15, 20, 30, 35, 37, 46, 49) . Of these proteins, Nop4p/Nop77p is the only known nucleolar protein for which depletion or mutation results in processing defects that are greatest for the pathway leading to synthesis of 25S rRNA (7, 46) . In addition to processing, rRNAs are subject to covalent modification, including methylation and pseudouridylation (for a review, see reference 29) . With respect to methylation, the majority of methylation sites have been identified in mature rRNAs from a number of prokaryotic and eukaryotic species, and the known sites of methylation are distributed in mature rRNAs in a nonrandom, evolutionarily conserved manner (31) . In the fully folded rRNAs, methylation sites are brought together into functionally important regions within the ribosome, suggesting a role for methylation in ribosome function (29, 33) . Recently, small nucleolar RNAs have been shown to play a central role in the selection of methylation sites in rRNA (22, 36) . However, the importance of pre-rRNA methylation for processing and ribosome biogenesis remains unclear. Methylation of yeast pre-rRNA does not appear to be required for processing events (50) . On the other hand, a yeast pet56 mutant, which fails to methylate a conserved position in mitochondrial 21S rRNA, is deficient in formation of the large ribosomal subunit in mitochondria (44) . The methylase Dim1p is required for processing, not because of its function in 18S rRNA dimethylation per se but because its association with the preribosomal particle appears to be monitored by the cell (28) . In mammalian cells, pre-rRNA processing is sensitive to the inhibition of pre-rRNA methylation (9, 47, 53) . These results from different experimental systems suggest that the relationship between processing and methylation may differ among eukaryotes and that certain pre-rRNA processing and modification events may be coupled in the pre-rRNA processing pathway while others may not.
Nop2p is a yeast nucleolar protein that is specifically upregulated during the onset of growth and is homologous to nucleolar protein p120 (10) . p120 is a human proliferation marker that is predicted to function as a methylase (14, 25) . In this study, we demonstrate that Nop2p is required for synthesis of the 60S ribosomal subunit and processing of the 27S precursor to mature 25S and 5.8S rRNAs. Furthermore, we have explored the relationship between rRNA processing and methylation to determine if these two events are interdependent during synthesis of the large subunit. The fact that depletion of Nop2p results in reduced processing of 27S pre-rRNA and leads to undermethylation of the 27S pre-rRNA at the conserved loop containing UmGm⌿UC 2922 suggests that process-ing and methylation events during conversion of 27S prerRNA to 25S rRNA are tightly coupled.
MATERIALS AND METHODS
Strains, plasmids, and microbiological methods. S. cerevisiae strains and plasmids used in this study are described in Tables 1 and 2 , respectively. Yeast cells were grown at 30ЊC either in YPD or YPGal (1% yeast extract-2% peptone with 2% glucose or galactose, respectively) or in SD or SGal synthetic minimal medium (0.67% yeast nitrogen base with 2% glucose or galactose, respectively, and required supplements) as described previously (41) . Methionine was absent from synthetic media. For [ 3 H]uracil labeling, the concentration of uracil in synthetic media was reduced to one-third the normal amount (41) . DNA was transformed into yeast cells by the lithium acetate method (19) . Plasmid shuffling was done by the method of Sikorski and Boeke (42) , with 1 mg of 5-fluoroorotic acid (5-FOA) per ml (7) . Escherichia coli DH5␣ was used for routine maintenance and preparation of plasmids and was grown in LB medium (3) .
Construction of a nop2::LEU2 GAL-NOP2 haploid strain. Previously, we demonstrated that NOP2 was an essential gene by replacing 755 bp of the NOP2 open reading frame (ORF) (ϳ40% of 1,857 bp) with URA3 (10). We sought to construct another disruption in which all of the NOP2 ORF was replaced in order to eliminate the possibility of recombination between the chromosome and the complementing plasmid. However, we found the disruption of all of NOP2 by conventional methods to be problematic. The approach we found to be successful was to disrupt NOP2 in a haploid strain carrying a plasmid-borne NOP2 gene. For this, plasmid pBH45 was created by replacing part of the 5Ј noncoding region and 92% of the NOP2 ORF between BamHI and HindIII with a BamHI-HindIII LEU2 fragment from pJJ282 (21) . L4717 was transformed to Ura ϩ with plasmid pJPA40 to yield YBH12 (Table 1) . A ClaI-BglII nop2::LEU2 disruption fragment from pBH45 was used to transform YBH12. Two 5-FOA-sensitive isolates (YBH3 and YBH4) obtained from Leu ϩ Ura ϩ transformants were analyzed by Southern blotting as previously described (10) . To introduce plasmid-borne GAL-NOP2 into this background, pBH46 and pBH47 were constructed (Table  2) . Plasmid shuffling was used to exchange pBH47 for pJPA40 in YBH3, and Trp ϩ transformants were streaked onto SGal containing 5-FOA. Several isolates grew very slowly on dextrose media, forming small (0.2-to 0.4-mm) colonies after 3 to 5 days of growth on YPD plates at 30ЊC (data not shown). One isolate, YBH5, was used for further experiments.
Nop2p depletion, SDS-PAGE, and immunoblotting. YBH5 was grown at 30ЊC in liquid YPGal medium until mid-log phase (an optical density at 600 nm [OD 600 ] of 0.25 to 0.5) and washed with water, and equal volumes of cells were transferred to YPD or YPGal. Cultures were grown at 30ЊC and diluted with prewarmed medium when OD 600 values reached 0.6 to 0.8. Total cellular protein was extracted in the presence of trichloroacetic acid, precipitated, separated on a 10.5% polyacrylamide gel by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and analyzed by immunoblotting with affinity-purified polyclonal antibody APpAb3 against Nop2p (10) . Monoclonal antibody 1G1 (2), which is specific for Pab1p, was used subsequently on the same blot.
Ribosome and polysome analysis. Ribosomal subunits, monosomes, and polyribosomes were analyzed, with minor modifications, according to the method of Baim et al. (4) . Cells grown in YPD were collected at mid-log phase (OD 600 ϭ 0.8 to 1.0). The cycloheximide stock solution was freshly prepared. Lysates were stored at Ϫ70ЊC without any effect on the ribosomal profiles, compared with those of freshly prepared lysates. A 15 to 50% (wt/vol) sucrose gradient was centrifuged at 40,000 rpm for 2.5 h at 4ЊC in an SW41Ti rotor and analyzed with an absorbance detector set at 254 nm.
Pulse-chase analysis of pre-rRNA and rRNA formation. Fresh overnight cultures were diluted into SGal, grown at 30ЊC for two to three doublings, washed with water, and diluted into 50 ml of SD medium at a density sufficient to yield an OD 600 of 0.6 to 0.8 at the end of the depletion time course. Cells were collected by centrifugation, resuspended in 5 ml of SD, pulse-labeled for 3 min with 250 Ci of [methyl- 3 H]methionine or [ 3 H]uracil at 25ЊC, and chased with methionine (5 mM) or uracil (2 mM). At each time point, 1 ml was mixed with ice and centrifuged for 30 s, and cell pellets were immediately frozen in dry ice and stored at Ϫ70ЊC. Total RNA was extracted by a hot-phenol method (24) or a glass bead method (10) , with indistinguishable results.
To improve the detection of pre-rRNAs and rRNAs, [ 3 H]uracil-labeled RNA was treated with oligo(dT)-cellulose before gel separation. RNA samples were diluted to 25 l with diethyl pyrocarbonate-treated double-distilled water, heated to 65ЊC for 10 min, and chilled on ice. Buffer (100 l of 0.5 M LiCl-10 mM Tris-HCl [pH 7.45]-1 mM EDTA-0.1% SDS) was added, and the mixture was transferred to a microcentrifuge tube containing 20 l of wet, packed oligo(dT)-cellulose (Boehringer Mannheim). The oligo(dT)-cellulose was freshly washed with alkali, double-distilled water, and buffer as described previously (3) . After 30 min of gentle agitation at 25ЊC, the oligo(dT)-cellulose was pelleted. The supernatant was transferred to a fresh tube, and the RNA was ethanol precipitated, washed, and dried.
RNA samples were separated on a 1.2% agarose-glyoxal gel (3), which was treated with En 3 Hance according to the instructions of the supplier (Du Pont NEN) and exposed to preflashed X-ray film. The amounts of [methyl-
3 H]methionine radioactivity loaded per lane were ϳ8,000 cpm for YBH5 and ϳ50,000 cpm for L4717. The amounts of [ 3 H]uracil radioactivity were ϳ100,000 cpm per lane for YBH5 and ϳ500,000 cpm per lane for L4717.
Northern analysis. Total RNA was separated on a 1.2% agarose-glyoxal gel, transferred to a Hybond nylon membrane (Amersham), probed with 32 P-labeled oligonucleotides, and exposed to X-ray film. Oligonucleotides complementary to regions of rRNAs (see depiction in Fig. 4 ) are as follows: AGCCATTCGCAG TTTCACTG (oligonucleotide 1), GCACAGAAATCTCTCACCGT (oligonucleotide 2), TCCAGTTACGAAAATTCTTG (oligonucleotide 3), GCCTAGA CGCTCTCTTCTTA (oligonucleotide 4), and TACTAAGGCAATCCGGT TGG (oligonucleotide 5).
Primer extension. Primer extension was done with oligonucleotides 3, 5, and 9 by a modification of a previously described method (5) . The sequence of oligonucleotide 9 is CATCCAATGAAAAGGCCAGC (see Fig. 4 ). Total RNA was extracted from L4717 or YBH5 grown on SGal as described above and transferred to SD for 8. RNase protection assay. RNase protection was done by a modification of a previously described method (40) . RNA was extracted from L4717 or YBH5 grown in SD for 8.5 h, pulse-labeled with [methyl-3 H]methionine for 3 min, and chased for 4 min, as described above. [ 3 H]RNA from ϳ7 OD 600 units of culture (ϳ30 pmol of RNA) plus 300 pmol of oligonucleotide probe was denatured in 40% formamide-40 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES)-HCl (pH 6.4)-400 mM NaCl-1 mM EDTA for 15 min at 85ЊC. The oligonucleotides used for protection are as follows: CGCATAGACGTTAGACTCCTTG GTCCGTGTTTCAAGACGG (oligonucleotide 6), CCCTATTAGTGGGTGA ACAATCCAACGCTTACCG (oligonucleotide 7), and CGGTCTAAACCCAG CTCATGTTCCCTATTAGTGGG (oligonucleotide 8) (see Fig. 4 ). Comparison of different hybridization conditions revealed that 4 h at 60ЊC was optimal. After cooling to 25ЊC, single-stranded RNA was digested with RNase A (20 g/ml) and RNase T 1 (3 g/ml) freshly added to 300 mM NaCl-10 mM Tris-HCl (pH 7.5)-5 mM EDTA. Digests were inactivated with SDS and proteinase K, supplemented with 10 g of yeast tRNA, extracted with phenol-chloroform, ethanol precipitated, washed with 70% ethanol, and dried.
The protocol for partial digestion with RNase T 1 was a modification of the ]RNA from ϳ1 OD 600 unit of culture was resuspended in 10 mM Tris-Cl (pH 7.0)-10 mM MgCl 2 -100 mM KCl and digested with 0.1 U of RNase T 1 (Sigma) per l for 10 min at 37ЊC.
Samples were electrophoresed on 12% polyacrylamide-7 M urea gels by a standard method (3). Gels were fixed and treated with En 3 Hance according to the instructions of the manufacturer (Du Pont NEN). Following fluorography, sections of dried gels were excised and digested with 1 ml of Scintigest (Fisher Scientific) at 37ЊC overnight in tightly capped glass vials. Samples were neutralized by the addition of 100 l of glacial acetic acid, mixed with Scintiverse E (Fisher Scientific), and subjected to scintillation counting for a sufficient length of time (0.5 to 8 h per determination) to yield an error of Ϯ2% of the mean disintegrations per minute at a confidence level of 95%.
RESULTS
Repression of NOP2 decreases the growth rate and the steady-state level of 25S rRNA. To examine the consequences of depleting intracellular levels of Nop2p, NOP2 was placed under the control of the GAL10 promoter in plasmid pBH47 and shuffled into YBH3 to create YBH5 (Table 1) . To create YBH3, it was necessary to disrupt NOP2 in a haploid strain carrying a plasmid-borne NOP2 gene. Approximately 90% of the NOP2 ORF and part of the 5Ј noncoding region in YBH3 is replaced with LEU2 (Fig. 1A) . YBH3 is sensitive to 5-FOA, whereas L4717 and YBH12 (Table 1) To deplete Nop2p, YBH5 cells were shifted from YPGal to YPD medium. During the first 8 h in YPD, YBH5 grew at a rate similar to that of these cells in YPGal ( Fig. 2A) . However, after 8 h in YPD, cell growth was impaired and the generation time increased fivefold from ϳ2.5 h to ϳ12.5 h ( Fig. 2A) . Immunoblotting with anti-Nop2p confirmed that Nop2p was indeed depleted (Fig. 2B) . At 2 h after the medium shift, the Nop2p level was significantly reduced, and after 4 h in YPD, Nop2p was not detectable (Fig. 2B ). By comparison, levels of the cytoplasmic poly(A) binding protein encoded by PAB1 were essentially unchanged during growth in YPD (Fig. 2B ). India ink staining of the immunoblot in Fig. 2 showed that very similar amounts of protein were loaded in each lane (data not shown). Thus, growth of YBH5 on glucose-containing medium substantially depletes the cells of Nop2p.
To explore the possibility that Nop2p was involved in ribosome biogenesis, the levels of 18S and 25S rRNAs from YBH5 grown on YPGal or YPD were compared (Fig. 2C) . After growth in YPD for 28 h, the abundance of the 25S rRNA was reduced by more than half (Fig. 2C) . In contrast, the abundance of the 18S rRNAs appears to be unaffected (Fig. 2C ). This suggests that Nop2p depletion leads to reduced synthesis and/or stability of the large ribosomal subunit.
To rule out the possibility that the effects of Nop2p depletion can be attributed to cell death, cell viability after depletion was estimated. For this, cells were collected from YPD and YPGal media after 0, 1, 2, 4, 8, 10, 23, and 25 h of growth and diluted to 0.001 OD 600 unit, and equal volumes were spread onto YPGal and YPD plates. The numbers of colonies appearing after 3 days on YPGal (2-to 3-mm diameter) and 5 days on YPD (ϳ0.5-mm diameter) indicated that the viability of YBH5 during depletion is high, ranging from 97% at 2 h to 90% at 25 h (data not shown). Since at least 90% of YBH5 cells grown in YPD were viable at the time points assayed in the experiment whose results are shown in Fig. 2 , the reduction in the 25S rRNA level was not a secondary effect of cell death.
Depletion of Nop2p causes a defect in the synthesis of 60S subunits. The reduction in steady-state levels of 25S rRNA upon Nop2p depletion, coupled with our previous observation that Nop2p is located primarily in the nucleolus, suggested a role for Nop2p in ribosome synthesis, perhaps at the level of the 60S subunit. To explore such a role for Nop2p, polysomes, ribosomes, and ribosomal subunits from cells depleted of Nop2p were analyzed on sucrose density gradients.
YBH5 and L4717 were grown on YPGal, shifted to YPD, and grown on that medium for either 4.5 or 12.5 h. After 4.5 h of growth in YPD, L4717 shows a typical profile of 40S and 60S subunits, the 80S monosome, and polysome peaks corresponding to 2 to 10 ribosomes (Fig. 3A) . YBH5, however, shows noticeable reductions in the 60S, 80S, and polysome peaks after 4.5 h (Fig. 3C) . The 40S peak is not significantly affected after 4.5 h of depletion. Furthermore, additional, small peaks follow the 80S and first two polysome peaks (Fig. 3C) . The relative sedimentation values of these additional peaks correspond to "halfmer" polysomes, which represent 43S preinitiation complexes composed of mRNA, the 40S subunit, and initiation factors (17) . Since the growth rate of the Nop2p-depleted cells is similar to that of nondepleted cells during the first 8 h after the shift to glucose ( Fig. 2A) , these polysome profile results are not a secondary effect attributable to the reduced growth rate.
After 12.5 h in YPD, the L4717 profile appears to have changed little from that for the 4.5-h time point (Fig. 3B) . However, in YBH5 at 12.5 h, the 60S subunit peak is dramatically reduced, and this is accompanied by an accumulation of the 40S subunit (Fig. 3D) . The 80S peak is substantially reduced, which is consistent with the deficit of 60S subunits. Halfmer polysome peaks are prominent (Fig. 3D) , which is consistent with a reduction in the pool of free 60S subunits. As VOL. 17, 1997 ROLE FOR Nop2p IN RIBOSOME BIOGENESIS 381
on January 20, 2018 by guest http://mcb.asm.org/ an additional control, strain YBH3 (Table 1) was analyzed after 12.5 h of growth on YPD, and the polysome profile was virtually identical to the profile of L4717 (data not shown). Nop2p is required for processing of the 27S pre-rRNA. One explanation for reductions in levels of 25S rRNA and 60S ribosomal subunits during Nop2p depletion is a requirement for Nop2p in the pre-rRNA processing pathway leading to 25S rRNA synthesis. This processing pathway is diagrammed in Fig. 4 . To investigate processing of pre-rRNA, cells were grown in SGal, shifted to SD for 8.5 h, pulselabeled with [methyl-3 H]methionine, and chased for different lengths of time.
In L4717 cells, the 35S precursor disappeared within the first 2 min of the chase (Fig. 5B) , indicating normal, rapid processing into 27S and 20S intermediates. By 4 min of chasing, most of the 27S and 20S intermediates were processed to 25S and 18S rRNAs. At 8 min of chasing only mature rRNAs were visible (Fig. 5B) .
In Nop2p-depleted YBH5 cells, 35S and 32S pre-rRNAs are visible after 2 min of chasing, showing evidence for a reduced rate of processing (Fig. 5A) . After 4 min of chasing only a small amount of the 27S intermediate is processed into 25S rRNA, in contrast to the almost complete conversion of 27S to 25S in L4717 at this time. Also, by 4 min of chasing in Nop2p-depleted cells, a significant amount of 20S precursor is converted to 18S product (Fig. 5A) . At 8 min of chasing, slow processing of the 27S intermediate remained evident, although synthesis of the 18S rRNA appeared complete, as in L4717 (Fig. 5A) . In two other experiments, ϳ10 and ϳ25% of 27S was processed to mature 25S rRNA by 8 min of chasing (data not shown).
To rule out the possibility that depletion of Nop2p causes virtually complete demethylation of the 25S rRNA and that this accounts for the absence of the 25S band after labeling with [methyl-3 H]methionine, pulse-chase labeling was done with [ 3 H]uracil. L4717 and YBH5 were grown in SD medium for 8.5 h. Because of slower rates of uracil incorporation and differences in intracellular pool size, longer chase times are required in uracil pulse-chase experiments for visualization of precursor-product relationships (see reference 52). Thus, at 2 min of chasing in L4717, the 27S and 20S pre-rRNAs remain prominent, and 8 min of chasing is required for visualization of the 25S and 18S rRNAs (Fig. 6B) . In YBH5, however, at 16 min of chasing, the 27S pre-rRNA remains more abundant than the 25S rRNA (Fig. 6A) . At 32 min of chasing, the majority of 27S has been processed, but a reduction in the rate of processing is clearly evident by the persistence of the 27S pre-rRNA (Fig. 6A) . In contrast, processing of 20S pre-rRNA to 18S rRNA is not significantly affected. These results are consistent with the inhibition of processing of 27S pre-rRNA during Nop2p depletion and argue against wholesale demethylation of the 25S rRNA.
These results indicate that processing of 27S pre-rRNA continues at a greatly reduced rate during depletion of Nop2p. At 32 min of chasing in YBH5, processing of 27S pre-rRNA is greatly reduced but not abolished (Fig. 6A) . One possibility is that the low rate of processing of 27S pre-rRNA may be due to a small amount of Nop2p synthesized by basal-level expression from the GAL10 promoter.
The effect of Nop2p depletion on 27S pre-rRNA processing predicts that the formation of 5.8S rRNA should be affected in the same manner. We examined 5.8S rRNA synthesis by [ 3 H] uracil pulse-chase labeling of YBH5 after growth on SD for 8.5 h (Fig. 7) . The synthesis of 5.8S rRNA is reduced by Nop2p depletion, and after 30 min of chasing, the amount of 5.8S rRNA is significantly lower than in L4717. However, the formation of 5S rRNA, an RNA polymerase III transcript, was not significantly affected by depletion of Nop2p (Fig. 7) .
27SA and 27SB rRNA precursors accumulate during Nop2p depletion. To determine the steady-state levels of pre-rRNA and rRNA in Nop2p-depleted cells, Northern blotting analysis was done with oligonucleotide probes (see Fig. 4 for positions of the probes). YBH5 cells depleted of Nop2p for 4.5 or 8 h accumulate a significant amount of the 35S and 32S precursors compared to cells at the 0-h time point and compared to YBH3 and L4717 (Fig. 8A to C) . Steady-state levels of 27S pre-rRNA also increase during Nop2p depletion (Fig. 8A and B) . The most abundant form that accumulates upon depletion is the 27SB pre-rRNA. A smaller amount of 27SA accumulates as well; this is seen with the use of oligonucleotide 3 as a probe to the 3Ј end of internally transcribed spacer 1 (ITS1) (Fig. 8B) . Longer time periods of Nop2p depletion have been examined by Northern blotting and show reductions in levels of 18S and 25S rRNAs and pre-rRNAs (data not shown).
In contrast to effects on 27S levels, no accumulation of 20S rRNA is detected after depletion of Nop2p (Fig. 8C) . On the contrary, a small decrease in the relative level of 20S rRNA is visible at 8 h of Nop2p depletion (Fig. 8C ). This may be explained by a reduction in the processing of 35S and 32S precursors to the 20S and 27S intermediates. Interestingly, an unusual processing intermediate, the 23S rRNA, becomes somewhat more prevalent with Nop2p depletion. The 23S prerRNA is generated by cleavages A 0 and A 3 (Fig. 4) as part of an alternative pathway for the production of the 18S rRNA (39) . This alternative pathway is thought to be a minor one in wild-type yeast cells. Increased amounts of the 23S rRNA have been shown to be a consequence of the depletion of other nucleolar proteins. Depletion of Nop1p (49), Gar1p (15), or small nucleolar RNA U3 (48) caused the accumulation of 23S rRNA. However, depletion of Nop2p has only a modest effect on the level of the 23S intermediate.
Similar amounts of RNA were compared side by side in this analysis, as shown by the relative intensities of the 18S and 25S rRNAs from YBH5, YBH3, and L4717 (Fig. 8D) . The accumulation of pre-rRNAs at 8 h of Nop2p depletion is dramatic considering that this lane contains relatively less RNA than the (Fig. 8D) . Also, the 32S and 35S pre-rRNAs are barely, or not at all, detectable in control samples, which is consistent with a generalized reduction in metabolic flow through the processing pathway as a result of impairment of 27S pre-rRNA processing. Studies of defective 27S pre-rRNA processing during Nop77p depletion show this type of generalized effect on the processing pathway (6) . Primer extension analysis of processing. Processing pathway alterations that lead to delayed formation of 25S rRNA may be accompanied by defects in processing site selection and may result in aberrant 5Ј ends of intermediates in the processing pathway. To examine this possibility, primer extension was done to map the 5Ј termini of pre-rRNAs that accumulate during Nop2p depletion, specifically at sites A 2 , A 3 , B 1L , and B 1S (locations of cleavage sites are shown in Fig. 4) .
Endonucleolytic cleavages at sites A 2 and A 3 generate the 27SA intermediates (Fig. 9) . The location of A 2 in L4717 is ACAAC Խ ACACU (Fig. 9A) , which is the same position observed by Allmang et al. (1) . Depletion of Nop2p for 8.5 h does not alter the fidelity of A 2 site selection or the extent of cleavage at this site compared to a NOP2 strain. The 5Ј end of the 27SA 3 pre-rRNA is difficult to detect in this strain (Fig. 9A) , making determination of the effect of Nop2p depletion problematic. Low ratios of 27SA 3 to 27SA 2 have been observed by others and may reflect strain differences (1). The only significant change in primer extension products that is attributed to Nop2p depletion is the detection of a small increase of an unusual cleavage site in ITS1, at position UUCGA Խ GCAAU (Fig. 9A) .
Formation of the short and long 5.8S rRNAs involves two distinct processing pathways. The B 1S 5Ј end is created by a combination of cleavage at A 3 followed by exonucleolytic digestion (18) . The mechanism of B 1L 5Ј-end formation has not been established. The primer used detects 5Ј ends of both 27S rRNA and 7S pre-rRNAs. The B 1L and B 1S 5Ј ends in L4717 are located at UUAAA Խ AUAUUAA Խ AAACU, which are the same sites reported by Henry et al. (18) . Depletion of Nop2p does not appear to have a significant effect on the formation of these 5Ј ends (Fig. 9B) . However, the ratio of B 1S to B 1L , which has been observed to be approximately 8 to 1 (18), appears to be reduced by Nop2p depletion (Fig. 9B) .
Processing at C 1 generates the 5Ј end of the 25S rRNA. In L4717, the 5Ј end of the 25S rRNA is located at AAAGU Խ Primer extensions were done with total RNA isolated from L4717 (NOP2; lanes L) or YBH5 (GAL-NOP2; lanes Y) grown for 8.5 h in SD medium. Oligonucleotide 3 (A), 9 (B), or 5 (C) was used. See Fig. 4 for the location of the oligonucleotides. DNA sequencing ladders were obtained with the same primers. Bands corresponding to the 5Ј ends of pre-rRNAs generated by processing at sites A 2 , A 3 , B 1L , B 1S , and C 1 are indicated. UUGAC (Fig. 9C) . Depletion of Nop2p does not result in any detectable aberration in C 1 site selection (Fig. 9C) .
Nop2p contains a putative SAM binding domain. Searches of the GenPept database with the Nop2p protein sequence revealed two proteins that show homology to Nop2p: human protein p120 and the product of the E. coli fmuv gene. Figure  10 shows the protein sequence alignment for Nop2p, p120, and the Fmuv protein in the region containing two motifs (1 and 2) present in known methylases (see reference 25). Motif 1 is thought to participate in binding of S-adenosylmethionine (SAM) and is present in a broad spectrum of methylases that modify proteins, nucleic acids, and lipid substrates (25) . Also shown is a third motif (motif 3), which is positioned differently than in the article by Koonin (25) to highlight conserved positions that were not previously detected because fmu and fmv were previously considered to be separate genes in E. coli. Only a portion of the alignment of these three proteins is shown in Fig. 10 . Significant homology (16% identity, 31% homology) between all three proteins extends approximately 104 amino acids toward the amino terminus of each protein, with the introduction of only three gaps in the Fmuv protein sequence (data not shown).
In an effort to address whether Nop2p is capable of binding SAM, we attempted to UV photo-cross-link SAM to Nop2p. A number of different assay conditions and different Nop2p-containing preparations (yeast nuclei, nuclear extracts, and two Nop2p-maltose-binding protein (MBP) fusion proteins purified from E. coli) were tried without success. The bacterially expressed methyltransferase domain from the vaccinia virus mRNA capping enzyme could be readily labeled when present by itself or after addition to the Nop2p-containing preparations. These results may be due to the absence of proper Nop2p conformation and/or posttranslational modification or the absence of proper intermolecular interactions (with a cofactor, substrate protein, and/or RNA).
Level of methylation of the conserved UmGm⌿UC 2922 site remains low during Nop2p depletion. The observations that Nop2p depletion results in a specific defect in processing of 27S pre-rRNA and that Nop2p contains putative methylase motifs led us to consider the relationship between processing and methylation in the conversion of 27S pre-rRNA to 25S rRNA. The majority of the 67 methyl groups found in yeast rRNAs are added early, at the level of the 35S and 32S prerRNAs. Of the methylations found in the 25S rRNA, four are not present in the 35S or 32S pre-rRNAs and appear to be added late, at the level of the 27S precursor: two copies of 3-methyluracil and the doubly 2Ј-O-ribose-methylated sequence UmGm⌿UC 2922 (8) . The UmGm⌿UC 2922 site lies near the 3Ј end of domain 6; it is highly conserved in largesubunit RNA sequences from E. coli, yeast, and humans (16) , and it has been implicated in peptidyl transfer (29) .
To assay methylation, RNase protection was used to compare the amount of [ 3 H]methyl radioactivity incorporated at specific methylation sites in wild-type and Nop2p-depleted cells. RNase protection was done on samples labeled with [methyl-3 H]methionine and chased to incorporate label into the 27S pre-rRNA in YBH5. Oligonucleotide probes were used to protect a control site covering m 1 A 643 AACAmCm (oligonucleotide 6), the UmGm⌿UC 2922 site (oligonucleotide 7), and a control site covering AmG 2944 Cm (oligonucleotide 8) (Fig. 11A) . Both control sites are methylated early (8) . An important factor in this analysis is that depletion of Nop2p reduces incorporation of [methyl-
3 H]methionine label into prerRNAs. Thus, the yield of protected [
3 H]methylated RNAs from YBH5 will necessarily be lower than that from L4717. This is evident in T 1 partial digests of total [
3 H]methylated RNAs from L4717 and YBH5 (Fig. 11C) . We estimate that the difference in incorporation of label is two-to threefold, based on scintillation counting of bands from the T 1 digest gel (data not shown).
Comparison of the intensities of the bands from L4717 and YBH5 protected by control oligonucleotide 6 reveals a difference that is consistent with the reduction in efficiency of radiolabel incorporation after Nop2p depletion (Fig. 11B ), as discussed above. A similar difference between L4717 and YBH5 is observed with control oligonucleotide 8 (Fig. 11B) . Depletion of Nop2p in YBH5, however, results in a clear reduction in the intensity of the band protected by oligonucleotide 7 compared to that of the protected band from L4717 (Fig. 11B) .
To evaluate differences in pre-rRNA methylation quantitatively, the radioactivity in protected [
3 H]methylated RNAs was measured by scintillation counting. RNase protection was done in triplicate for this purpose. To correct for the difference in label incorporation discussed above, the data obtained from YBH5 were normalized by using the amount of radioactivity in the bands protected by control oligonucleotide 6. Oligonucleotide 6 was chosen as an internal standard because it protects three methyl groups that are added early and is located at a significant distance from the UmGm⌿UC 2922 site. To evaluate oligonucleotide 6 as an internal standard, oligonucleotide 8 was used to protect another early-methylation site near UmGm⌿UC 2922 (Fig. 11A ). If oligonucleotide 6 is a valid internal standard for distinguishing between early and late methylation events, then no differences should be observed in the radioactivity values resulting from protection by oligonucleotide 8 after normalization.
In three independent experiments, the signal from YBH5 averaged only 66% (Ϯ 3%) of the control signal from L4717 (Table 3 ). In contrast, the radioactivity in the oligonucleotide 8-protected band from YBH5 was 97% (Ϯ 2%) of the amount of radioactivity from L4717 (Table 3) . These data are consistent with what is observed by fluorography (Fig. 11B) and indicate that the level of methylation of the 27S pre-rRNA at UmGm⌿UC 2922 remains low during Nop2p depletion. Thus, the delay in processing of 27S pre-rRNA incurred by Nop2p depletion is accompanied by a delay in methylation at the site UmGm⌿UC 2922 . The 33% reduction of methylation at UmGm⌿UC 2922 is of a reasonable magnitude. Brand et al. observed that approximately 30% as much methyl label was present at UmGm⌿UC 2922 in 27S pre-rRNA as was found in 25S rRNA (8) . Also, perhaps only one of the two methyl groups in this stretch is added during processing of the 27S pre-rRNA.
A possible explanation for the reduced rate of processing and low level of methylation of 27S pre-rRNA is that 27S pre-rRNA is inefficiently converted to mature 25S rRNA that is not methylated at UmGm⌿UC 2922 . To examine this possibility, the methylation of 25S rRNA was assayed by a method that relies on the observation that low deoxynucleoside triphosphate concentrations induce reverse transcriptase to pause one nucleotide to the 3Ј side of a 2Ј-O-ribose methylation on the template strand (32) . This is referred to as a concentration-dependent pause (CDP) (32) . CDPs in the 25S rRNA were assayed with a primer that is extended beginning with G 2969 (see Fig. 11A ). After Nop2p depletion, CDP bands that correspond to methylations at U 2918 and G 2919 were observed (data not shown). Likewise, CDP bands corresponding to ribose methylations in the stretch GAmGCmU 2946 and 3-methyluracil base methylation were also observed (data not shown). This indicates that Nop2p depletion does not result in a detectable reduction of methylation of UmGm⌿UC 2922 in 25S rRNA. However, we can not exclude the possibility that 60S subunits are synthesized with undermethylated 25S rRNA but are unstable and degraded, which would prevent detection of undermethylated 25S rRNA in this assay.
DISCUSSION
To investigate the function of Nop2p, we constructed a strain in which the only copy of NOP2 is under the control of the GAL10 promoter. Growth in glucose medium represses Nop2p expression and dramatically lengthens cell doubling time. Nop2p depletion results in reduced steady-state levels of the 25S and 5.8S rRNAs found in the large subunit but has no significant effect on the 18S rRNA in the small subunit. Depletion of Nop2p diminished steady-state levels of 60S ribosomal subunits, monosomes, and polysomes. The level of the 40S subunit increased, leading to increases in 43S preinitiation complexes. Low levels of 25S and 5.8S rRNAs can be attributed to a defect in processing of 27S pre-rRNAs. Processing of 20S pre-rRNA to 18S rRNA was not significantly affected. The defect in 27S pre-rRNA processing does not appear to be due to abnormal processing within ITS1, such as alterations in cleavage site selection.
Protein sequence alignments identify Nop2p motifs present in methyltransferases. This raises the following question: what is the relationship between methylation and processing of 27S pre-rRNA? Methylation at the conserved site UmGm⌿UC 2922 is thought to take place at the level of the 27S pre-rRNA (8), which is the level at which the Nop2p-dependent processing defect is observed. Thus, we examined methylation of this site and found that UmGm⌿UC 2922 is not methylated in 27S prerRNA to the same extent that it is methylated in 25S rRNA. Low-level methylation of this site in 27S pre-rRNA is consistent with previous findings that 27S pre-rRNA is undermethylated at UmGm⌿UC 2922 (8) . The Nop2p-dependent delay in processing, which increases the half-life of the 27S pre-rRNA, is not accompanied by an increase in methylation despite the fact that there is sufficient time for methylation and processing of 27S pre-rRNA in control cells. Thus, depletion of Nop2p induces a significant delay in 27S pre-rRNA processing, which is accompanied by a delay in methylation as well. The concomitant reduction in both processing and methylation of 27S pre-rRNA suggests that these two events are closely interconnected during synthesis of 25S rRNA. In addition to NOP2, a number of yeast gene products are known to be required for 60S subunit synthesis and production of 25S rRNA. Deficiencies in the products of genes DRS1, NOP3, NOP4/NOP77, RPL1, RPL16B, and RRP1 lead to a specific reduction in the level of 25S rRNA, with little or no effect on 18S rRNA levels (6, 11, 13, 35, 38, 39, 46) . However, the reduced rate of processing during Nop2p depletion is not accompanied by rapid turnover of 27S pre-rRNAs. With other gene products, except that of RPL16B, the 27S precursor is degraded in the absence of conversion to 25S rRNA. RPL16B is one of two homologous genes that encode the ribosomal protein L16. The 27S pre-rRNA is stable in the cold-sensitive allele rpl16b-4 at 13ЊC; however, the two temperature-sensitive alleles rpl16b-2 and rpl16b-3 result in loss of both 25S and 27S species at 37ЊC (35) . Thus, the relative stability of 27S prerRNA during Nop2p depletion is unusual with respect to known defects in 60S ribosomal subunit synthesis. Perhaps Nop2p depletion affects the ribosome assembly pathway at a point at which the 60S subunit is substantially complete and it is more efficient to arrest, rather than abort, the assembly process.
The consequences of Nop2p depletion suggest that processing and methylation during conversion of 27S pre-rRNA to 25S rRNA are coupled. One possible explanation for this is that Nop2p is required for 27S pre-rRNA processing because it functions as the methylase that modifies one or both of the riboses in the stretch UmGm⌿UC 2922 . However, because both processing and methylation occur during the conversion of 27S pre-rRNA to 25S rRNA, the effect of Nop2p depletion cannot be directly attributed to a methylation defect. For example, low-level methylation at UmGm⌿UC 2922 in 27S pre-rRNA may be explained if methylation immediately follows processing, which is otherwise delayed by Nop2p depletion. Also, by analogy to Dim1p (29) , it may be the presence of Nop2p, rather than its function, that is required for processing.
The line of investigation that we have followed raises interesting questions regarding the interdependence of processing and methylation. Does 27S pre-rRNA processing precede or follow methylation? Is there an obligate relationship between processing and methylation? A close temporal relationship between processing and methylation does not necessarily imply a cause-and-effect relationship. Recent studies in yeast cells suggest that methylation and processing are not obligatorily linked. The temperature-sensitive allele nop1.3 inhibits methylation of 27S pre-rRNA at the nonpermissive temperature but does not substantially affect processing (50) . This indicates that methylation is not required for processing or ribosome function. Dim1p is a methylase responsible for the conserved m 2 6 Am 2 6 A modification in 18S rRNA, and depletion of Dim1p causes a defect in 20S pre-rRNA processing (26, 28) . If the adjacent adenosines are replaced by guanine residues, processing proceeds normally in the absence of methylation, resulting in nonfunctional 40S subunits (26, 28) . The presence of Dim1p is required for rRNA processing, but formation of the methylated residues is not directly monitored. Studies of the role of methylation in mammalian ribosome biogenesis, however, suggest that this modification is required for processing and function (9, 47, 53) . Also, it is not clear if there are differences between early and late methylations in terms of their mechanism of synthesis or importance for ribosome function. Elucidation of the specific functional basis for the requirement for Nop2p in ribosome synthesis may shed light on the relationship between methylation and pre-rRNA processing during ribosomal subunit assembly. a Oligonucleotide 6 was used as an internal standard, and a correction factor was used to normalize YBH5 DPM data for each experiment to 100%.
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